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PHOTOVOLTAIC CELL HAVING A -HETERO
JUNCTION OF AMORPHOUS SILICON CARBIDE
AND AMORPHOUS SILICON |

CROSS-REFERENCE TO RELATED
APPLICATION

This is a divisional of application Ser. No. 253,141,
filed Apr. 10, 1981.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to a photovoltaic cell having a
hetero junction of amorphous silicon carblde and amor-
phous silicon.

2. Description of the Prior Art

Amorphous silicon is obtained by the plasma decom-
posmon of silane (SiH4). W. E. Spear et al. discovered
in 1976 that the electric conductivity of amorphous
stlicon could be altered considerably if it was doped
with PH; or BoHg. D. E. Carlson et al. made a trial solar
cell employing amorphous silicon in 1976. These events
have drawn much attention to amorphous silicon, and
research has come to be actively conducted for improv-
ing the conversion efficiency of a thin-film solar cell
utilizing amorphous silicon.

The past studies have resulted in the development of

thin-film amorphous silicon photovoltaic cells of the
Schottky barrier type, p-i-n type, MIS type and hetero
junction type. The first three types have been expected
to provide high efficiency solar cells. A Schottky bar-
rier type photovoltaic cell made by D. E. Carlson et al.
in 1977 showed a conversion efficiency of 5.5%. J. 1. B.
Wilson et al. made an MIS type photovoltaic cell hav-
ing a conversion efficiency of 4.8% in 1978. A p-i-n type
photovoltaic cell made by Yoshihiro Hamakawa in 1978
achieved a conversion efficiency of 4.5%.

Solar cells of the p-i-n junction type have been unsat-
1sfactory in a number of respects. The p or n type amor-

phous silicon fails to provide effective carriers having a 40

satisfactorily long life. The p layer has a heavy absorp-
tion loss of light, since it has a higher light absorption
coefficient than the i layer.

An inverted p-i-n type photovoltaic cell has been
proposed to improve the aforesaid drawbacks of the
p-i-n type photovoltaic cell. It is a cell in which light is
applied to the n type amorphous silicon. It is somewhat
better than the p-i-n type cell, since the n layer has a
relatively wide band gap. However, the n type amor-
phous silicon also causes a loss of light absorption to
some extent.

It 1s known to produce amorphous silicon carbide by
mixing a hydrocarbon, such as methane and ethane, into
stlane, and decomposing it by glow discharge. See, for
example, D. A. Anderson and W. E. Spear: Phil. Mag.,
35, 1 (1977). According to the experiments conducted
by D. E. Carlson et al., a solar cell having an intrinsic
layer composed of amorphous silicon carbide obtained
from silane and methane, and represented by the gen-
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eral formula a-Sij; . xC,x showed a very low efficiency of 60

photovoltaic conversion. While a solar cell having an
intrinsic layer formed from silane not containing any
methane had a conversion efficiency of 2.27%, the con-
version efficiency of a solar cell having an intrinsic
layer formed from silane containing 10% of methane
was 1.4%, and that of a solar cell having an intrinsic
layer formed from silane containing 30% of methane
was as low as 0.08%. See, for example, “Topics in Ap-

65

2
plied Physics,” Vol. 36, Amorphous Semiconductors,
page 311 (1979), M. H. Brodsky, Springer-Verlag, Ber-
lin, Heidelberg. Thus, it has hitherto been considered
undesirable to use methane or any other hydrocarbon as
being a defect center in an a-Si semiconductor.

SUMMARY OF THE INVENTION

It is an object .of this invention to provide a p-i-n
junction type amorphous silicon photovoltaic cell hav-
ing a high photovoltaic conversion efficiency.

The inventors of this invention have conducted ex-
tensive research to obtain a p-i-n junction type amor-
phous silicon photovoltaio cell having an improved
photovoltaic conversion efficiency. As a result, they
have found it possible to improve the photovoltaic con-
version efficiency of such a cell drastically if at least one
of its p and n layers comprises a thin doping film of
amorphous silicon carbide obtained by plasma decom-
position of a mixture of at least one gas selected from
among silane and its derivatives, and silicon fluoride
and its derivatives, and at least one gas selected from
among hydrocarbons, alkylsilanes and the fluorides

thereof. The photovoltaic cells of this invention are .

very useful for solar cells, photoswitches, and the like.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1(a) is a schematic view showing a photovoltaic
cell embodying this invention, and of the type to which
light 1s applied to the p layer, while FIG. 1(b) shows a
photovoltaic cell of the type to which light is applied to
the n layer | |

FIG. 215 a graph showing, in relation to dlfferent
values of x, various characteristics of solar cells formed
by p-1-n hetero-junction photovoltaic cells having a p
layer of amorphous silicon carbide (a-Si;—xCx) doped
with boron in the quantity of 0.1 atom % of silicon and
carbon;

FIG. 3 is a graph showing various characteristics of
solar cells formed by p-i-n hetero-junction photovoltaic
cells having a p layer of amorphous silicon carbide
represented as a-Sip.6Co.4 and doped with boron in dif-
ferent quantities from 0.005 to 2.0 atom % based on the
total guantity of silicon and carbon;

FIG. 4 is a graph showing changes in the electrical
conductivity at room temperature of amorphous silicon
carbide (a-Sig.6Co.4) films doped with different quanti-
ties of boron or phosphorus;

FIG. 5 1s a graph showing, in relation to different
values of x, various characteristics of solar cells formed
by p-i-n hetero-junction photovoltaic cells having an n
layer of amorphous silicon carbide (a-Sij—xCyx) doped
with phosphorus in the quantity of 0.5 atom % of silicon
and carbon; and

FIG. 6 is a graph showing various characteristics of
solar cells formed by p-i-n hetero-junction photovoltaic
cells having an n layer of amorphous silicon carbide
represented as a-Sig,6Co.4 and doped with phosphorus in
different quantities from 0.005 to 2.0 atom % based on
the total quantity of silicon and carbon.

DETAILED DESCRIPTION OF THE
INVENTION -

According to this invention, amorphous silicon may
be obtained if a mixed gas composed of silane (SiHjy),
silicon fluoride, or any derivative thereof, or any mix-
ture thereof, and hydrogen, or argon, helium or any
other inert gas diluted with hydrogen is decomposed by
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radio frequency or DC glow discharge in accordance
with the capacitive or inductive coupling method. The
mixed gas may contaln 0.5 to 50%, preferably 1 to 20%,
of silane.

The substrate preferably has a temperature of 200° C.
to 300° C., and comprises glass on which a transparent
electrode composed, for example, of ITO or SnQO; 1s
deposited by vaporization, a polymer film, a metal or
any other material used for forming a solar cell.

Referring to FIGS. 1(a) and 1(b) of the drawings,
there are shown by way of example basic solar cell
constructions embodying this invention. The solar cell
shown in FIG. 1(a) is of the type to which light is ap-
plied to the p layer, and may, for example, comprise a
glass substrate 19, a transparent electrode 20, a p type
semiconductor 21 represented by the formula a-
 Sij—xCx, an i type semiconductor 22 represented by the

formula a-Si, an n type semiconductor 23 represented

by the formula a-Si, or a-Sij-xCy, and an aluminum

electrode 24. The solar cell shown in FIG. 1(b) is of the
type to which light is applied to the n layer, that is, the
inverted p-i-n cell, and may, for example, comprise a
stainless steel substrate 25, a p type semiconductor (a-Si
or a-Sij _xCx) 26, an i type semiconductor (a-Si) 27, an
n type semiconductor (a-Si; .xCx) 28, and a transparent
electrode 29. The solar cell of this invention may, how-
ever, be of any other construction if it essentially com-
prises a p-i-n junction. For example, it is possible to

10

4

pressure may be used as a source of silicon for produc-
ing amorphous silicon carbide, and any hydrogen and-
/or fluorine derivative of carbon having vapor pressure
may be used as a source of carbon. The composition of
silicon carbide 1s represented by the formula a-Si1__xCy
showing the ratio of the number of silicon and carbon
atoms in the film formed by glow discharge decomposi-
tion. For example, the formula can be rewritten as a-
Si0.5Co.5 if the numbers of carbon and silicon atoms in
the film have a ratio of 1:1. The ratio of carbon and
silicon atoms in the filin can be obtained by IMA, SIMS,
Auger, ESCA, or other methods of electron spectros-

- copy:. According to this invention, the atomic fraction x

15

in the formula a-Sij_xCy is preferably in the range of
about 0.05 to about 0.95.

Amorphous silicon carbide is doped for use in form-
ing an n or p type semiconductor. It may be doped with
an element of Group V of the Periodic Table, such as

- phosphorus, to form an n type semiconductor. The

20

doping of amorphous silicon carbide may be accom-
plished during its production if phosphine (PHj3) 1s
mixed with silane and methane, and the mixture is de-

- composed by glow discharge. The doping density may

25

provide a thin layer of insulating material or metal be- -

tween the p layer and the transparent electrode.
The p-i-n junction is formed by the 1 layer interposed
-~ between the p and n type doped semiconductors, the 1

layer being composed of intrinsic amorphous silicon (i -

type a-Si) obtained by the glow discharge decomposi-
~ tion of silane, silicon fluoride, a derivative thereof, or a
mixture thereof, and having a carrier life time of at least
about 10—7 second, a localized density of states of about
1017 cm—3ev—1or below and a mobility of at least 10—3

cm2/V.

According to a salient feature of this invention, amor- 40

phous silicon carbide is incorporated into at least the of
the p and n layers, i.e., the layer in which light 1s applied
to the solar cell. The layer into which no amorphous
silicon carbide is incorporated, if any, may be doped
‘with an element of Group III of the Periodic Table if
the p layer is composed of a-Si, or an element of Group
~ V of the Periodic Table if the n layer is composed of
a-Si..

According to this invention, amorphous silicon car-
- bide may be obtained by the plasma decomposition, or
more preferably glow discharge decomposition, of a
mixture of at least one gas selected from among silane,
silicon fluoride and the derivatives thereof, and at least
~one gas selected from among hydrocarbons, alkylsi-
lanes, the fluorides thereof and the derivatives thereof.
For this purpose, it is possible to use a silicon compound
with hydrogen and/or fluorine, including silane SiHj,
silane derivatives represented by the formula S1,,H2, 2,
derivatives of the formula SiF,,H4_—,, (m=1 to 4), and
 derivatives of the formula Si,F,,H2, 42— m. Examples of
the applicable carbon compounds include carbon tetra-
fluoride CF4, fluorohydrocarbon derivatives of the
formula C,F;Han4+2—m, and the unsaturated deriva-
tives thereof. Examples of the suitable hydrocarbons
include saturated aliphatic hydrocarbons (C,H2,+2),
and unsaturated aliphatic hydrocarbons (C,H3,), such
as ethylene and propylene. In other words, any hydro-
gen and/or fluorine derivative of silicon having vapor

30

35

be controlled so as to provide an electrical conductivity
of at least about 10—7(Qdcm)—!, preferably at least
10—6(Qcm)—1, at room temperature. Amorphous sili-
con carbide is doped with phosphorus so that it may
usually contain about 0.001 to 10 atom %, and prefera-
bly 0.005 to 2.0 atom %, of phosphorus.

Amorphous silicon carbide may be doped with an
element of Group IIl of the Periodic Table, such as
boron, to form a p type semiconductor. The doping
thereof with boron may, for example, be accomplished
if diborane (B2Hg) is mixed with silane and methane,
and the mixture is decomposed by glow discharge. The
doping density may be controlled so as to provide an
electrical conductivity of at least about 10—3(Q2cm)—1!,
preferably at least 10—7(2cm)—1! at room temperature.

- Amorphous silicon carbide is doped with boron so that

it may usually contain about 0.001 to 10 atom %, and
preferably 0.005 to 2.0 atom %, of boron.
Hydrogen or fluorine plays an important role in

- amorphous silicon carbide. They are considered to act

45
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as terminators for dangling bonds as in amorphous sili-
con obtained by the glow discharge decomposition of
silane or silane fluoride. The concentration of hydrogen
and/or fluorine in a film of amorphous silicon carbide
depends largely on the substrate temperature, and other
conditions for manufacture. According to this inven-
tion, the film contains about 3 to 20 atom % of hydro-
gen and/or fluorine, since the substrate temperature is
preferably in the range of 200° C. to 350° C.

According to the typical construction of the hetero
junction photovoltaic cell of this invention, a p or n
layer of amorphous silicon carbide (a-Si1—xCyx) 1s pro-
vided immediately behind a transparent electrode, and
followed by an i layer of amorphous silicon (a-Si), an n
or p layer of amorphous silicon (a-Si) and an electrode.
Light is applied through the transparent electrode. The
transparent electrode is preferably formed from I'TO or
SnO;, and more preferably from SnO;. It may be depos-
ited by vaporization on a glass substrate, or directly on
the p or n type amorphous silicon carbide. |

The p or n type amorphous silicon carbide top layer
to which illumination is applied may have a thickness of
about 30 to 300 A, and preferably 50 to 200 A. The
thickness of the i type amorphous silicon layer has no
limitation in particular, but may usually be in the range
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of about 2,500 to 10,000 A. The thickness of the n'or p

type amorphous silicon bottom layer, which is provided
for making junction and ohmic contact, has no limita-
tion in particular, but may usually be in the range of
about 150 to 600 A. It is possible to provide another
layer of amorphous silicon carbide in place of the n or
p type amorphous silicon layer. - |
The invention will now be described in further detail

6

- The same results were obtained for solar cells con-

taining amorphous silicon carblde prepared from SiFs

and CHs.

- A 'number of solar cells were prepared by employmg
amorphous: silicon carbide of the formula a-Sip6Co.4
doped with different quantltles of boron (B) in the range

-~ of 0.005 to 2.0 atom % based on the total quantity of Si

with reference to examples. The glow discharge decom-

position of the various materials was carried out in a
quartz reaction tube having an inside diameter of 11 cm
at a radio frequency of 14.56 MHz. The i type amor-
phous silicon was obtained by the glow discharge de-
composition of silane diluted with hydrogen at a pres-
sure of 2 to 10 Torr. Likewise, the n type amorphous
silicon was prepared by the glow discharge decomposi-

tion of a dilution in hydrogen of silane (SiH4) and phos-

- phine (PH3), containing 0.5 mol % of PHj3 based on

10

and C. The various oharaotenstlcs of these solar cells
are shown in FIG. 3, m which curve 5 shows the short-
circuit current Jsc, _curve 6 shows the fill factor FF,

- curve 7 shows the open circuit voltage Voc, and curve
- 8 shows the conversion efficiency 7. As is obvious from

FIG. 3, when the quantity of boron is small, the fill

~ factor and open circuit voltage of the solar cells accord-

15

SiH4. Moreover, p type amorphous silicon carbide was .

| prepared by ‘the glow discharge decomposition of a

20 .

dilution in hydrogen of silane, methane (CHy4) and dibo-

rane (B2Hg) containing 0.10 atom % of boron based on
‘the total quantity of Si and C. Various compositions of
amorphous silicon carbide were prepared by altering
the composition of the gaseous mixture to be decom-
posed by glow dlscharge, so that the atomic fraction x

: 1the fon_nula a-Su _ xCx mlght vary in the range of 0 05 .

'to 0.85.

ing to this invention are low, but they show a by far

| h1gher conversion efficiency than any solar cell com-

prising p type amorphous silicon. If the quantity of
boron is 0.5% or greater, the short-circuit current be- -
comes lower, because a higher concentration of boron
in the p type amorphous silicon carbide layer brings

“about an increase of optical absorption coefficient.

FIG. 4 shows the dependence, on the quantity of

- boron, of the electrical conductivity of p type amor-

25

A number of solar cells were prepared, and contalned |

different kinds of amorphous silicon carbide as herein-
above described. Each solar cell comprised a glass sub-

strate on which a thin film of SnQO; (25 2/1J) had been
deposited by vaporization, a layer of p type amorphous

silicon carbide on the SnQOs film, a layer of 1 type amor-

- phous silicon, a layer of n type amorphous silicon, and
a layer of aluminum deposited by vaporization on the n
layer and having a relation sensitive area of 3.3 mm?2.
The characteristics of of each solar cell thus prepared

30

35

were determined by a solar simulator AM-1 (100

mW/cm?2). The glow discharge decomposition was
caused to take place at a substrate temperature of 250°
C. The i layer had a thickness of 5,000 A, the n layer had
a thlihess of 500 A, and the p layer had a thickness of
135

The various characteristics of these solar cells are
shown in FIG. 2 in relation to the different composi-
tions of p type amorphous silicon carbide. In FIG. 2,
curve 1 shows the short-circuit current density Jsc
(mA/cm?), curve 2 shows the fill factor FF, curve 3
shows the open circuit voltage Voc (voits), and curve 4
shows the conversion efficiency 1 (%). It will be noted
from curve 4 that while a solar cell having a p layer
composed of 100% silane (81)Co) (i.e., x=0) had a con-
version efficiency n of 4.6%, the solar cells aecording
to this invention showed a greatly improved conversion
efficiency, for example, of 5.4% when x=0.05, 7. 1%
when x=0.2, and 7.2% when x=0.4. -

The solar cells of this invention showed a reduction
in conversion efficiency when x was 0.5 or above. This

was due to the lower fill factor FF caused by an in-

crease in the series resistance of p type amorphous sili-
con carbide. There was substantially no reduction in the
short-circuit circuit current Jsc. Thus, it i1s obvious that
‘the improved conversion efficiency of the solar cells
according to this invention is due to a reduction in the
loss of light absorption in the p type aamorphous silicon
carbide layer, and hence, an increase in the short-circuit
current Jsc and the open circuit voltage Voc.

45

- phous silicon carbide at room temperature. Curve 9 is
‘relevant here, while curve 10 refers to the case in which

phosphorus is used as a doping material as wﬂl hereinaf-

ter be mentioned. As is obvious from comparison of the

characteristics of the solar cells shown in FIG. 3 and the
electrical conduotlwty of the p type amorphous silicon
carbide shown in FIG. 4, it is preferable to select the
quantity of boron so as to ensure that the p type amor-
phous silicon carbide has an electrical conductivity of at
least 10—38 (ﬂcm) 1 -
Attention is now directed to examples of the solar
cells comprising n type amorphous silicon carbide. A
number of solar cells were prepared by glow discharge

“decomposition. Each solar cell comprised a stainless

steel substrate, a layer of p type amorphous silicon
doped with 1 mol % of B2Hg and having a thickness of
200 A, a layer of i type amorphous silicon having a
thickness of 5,000 A and a layer of n type amorphous
silicon carbide doped with PHj3 and having a thickness
of 100 A. The amorphous silicon was prepared from
silane, and the amorphous silicon carbide from silane
and methane, by glow discharge decomposition. A film

- of I'TO was deposited by electron beam vaporization on

50

35

the n type amorphous silicon carbide. The n type amor-
phous silicon carbides in these solar cells were doped
with 0.5 atom % of phosphorus based on the total quan-
tity of Si and C, but had different compositions as de-

fined by different values of atomic fraction x in the

range of 0.05 to 0.85. The characteristics of these solar
cells are shown in FIG. §, in which curve 11 shows the
short-circuit current density Jsc, curve 12 shows the fill
factor FF, curve 13 shows the open circuit voltage Voc,

- and curve 14 shows the conversion efficiency 7). As is

65

obvious from FIG. §, the short-circuit current density,

as well as the fill factor and the open circuit voltage,
showed a substantially constant increase until the value
of x reached 0.5. The conversion efficiency was as high

~as 7.3% when x was 0.5, though it thereafter showed a
tendency to decrease with a reduction in the fill factor

when x was greater than 0.5. In any event, the solar
cells according to this invention showed a greatly im-
proved conversion efficiency when the value of x was
in the range of 0.05 to 0.95, as compared with a golar
cell comprising n type amorphous silicon of which the
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conversion efficiency was 4.9% as shown at x=0 in

FIG. §. R
FIG. 6 shows the various characteristics of solar cells
comprising n type amorphous silicon carbide of the

8

- room temperature and having a thickness of about 30 A

formula a-SipCo.4 doped with different quantities of 5

phosphorus in the range of 0.005 to 2.0 atom % based on

the total quantity of Si and C. In FIG. 6, curves 15 to 18
show the short-circuit current density Jsc, the fill factor

FF, the open circuit voltage Voc and the conversion
efficiency 7, respectively. It will be noted thaat the
short-circuit current density, the fill factor and the open
circuit voltage increased with an increase in the quan-
tity of phosphorus. In view of these results, and curve
10 in FIG. 4 showing the dependence of the electrical
conductivity of n type amorphous silicon carbide (a-
Sip.6Co.4) at room temperature on the quantity of phos-
phorus, it is obvious that it is preferable to select the
quantity of phosphorus so as to'ensure that the n type
amorphous silicon carbide has an electrical conductiv-
ity of at least 10—7(f2cm)—1. .
~ While the invention has been described with refer-

ence to examples thereof, it is to be understood that

modifications or variations may be easily made by any-

body of ordinary skill in the art without departing from
the spirit and scope of this invention as defined by the

- appended claims.
What is claimed 1s: o |
1. A p-i-n junction photovoltaic cell comprising a

~ p-type doped amorphous semi-conductor layer having
- an electrical conductivity of at least 10—8(Ckcm)—1 at

10

15

20

to about 300 A and made of a substance represented by
the general formula a-Sij —xCy, a layer of intrinsic amor-
phous silicon and an n-type doped amorphous semicon-
ductor layer made of a substance represented by the
general formula a-Sij_xCyx, and wherein said p-type
doped layer is in ohmic contact with a transparent film
electrode on the incident side of the photovoltaic cell.

2. A photovoltaic cell as set forth in claim 1, wherein
said p type doped layer has a thickness of 50 A 10200 A.
3. A p-i-n junction photovoltaic cell comprising an n
type doped amorphons semiconductor layer having an

_electrical conductivity of at least about 10—7(Qcm)—1at
room temperature and having a thickness of about 30

to about 300 A and made of a substance represénted by
the general formula a-Si — xCx; a layer of intrinsic amor-
phous silicon and a p type doped amorphous semicon-
ductor layer made of a substance represented by the
general formula a-Sij_xCx; and wherein said n type
doped layer is in ohmic contact with a transparent film
electrode on the incident side of the photovoltaic cell.
- 4. A photovoltaic cell as set forth in claim 3, wherein

said n type doped layer has a thickness of 50 A 10 200 A.

25

5. A photovoltaic cell as set forth in claim 1 or 3,
wherein the atomic fraction X in said general formula 1s

. in the range of about 0.05 to about 0.95.

30

35
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6. A photovoltaic cell as set forth in claim 5, wherein
the atomic fraction X in said general formula is below
0.5. ' -

£ % % * %
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